In their interesting study, Hu et al. (Tribol Lett 68:8, 2019, https ://doi.org/10.1007/s1124 9-019-1247-7) have shown that for a simple "harmonium" solid model, the slip-induced motion of surface atoms is close to critically damped. This result is in fact well known from studies of vibrational damping of atoms and molecules at surfaces. However, for real practical cases, the situation may be much more complex and the conclusions of Hu et al are invalid.
Consider first the simplest case of an atom (mass m) adsorbed on an elastic half space (see Fig. 1a ). Assume that the bond can be described by an (harmonic) elastic spring with the spring constant k. If the substrate would be rigid, the equation of motion for the displacement coordinate (parallel or normal to the surface) u is so the atom would vibrate (undamped) with the frequency 0 = (k∕m) 1∕2 . However, if the substrate has a finite elasticity (Young's modulus E), the adsorbate motion will be damped due to emission of elastic sound waves (phonons).
Using the elastic continuum model, one can show that 1 [2] where the damping , due to emission of phonons into the elastic half space, is where is the solid mass density and c ≈ (E∕ ) 1∕2 the sound velocity. Thus, the interaction with the substrate will result in a damping of the vibrational motion, and also to a renormalization of the spring constant k → k ′ , but we will neglect the latter effect. If we assume u ∼ exp(−i t) then from (2) The motion will be critically damped if ≈ 2 0 .
We can apply (3) to the motion of a block atom as in Fig. 1b or to a surface patch as in Fig. 1c . In this case, the spring constant (see Appendix B in Ref. [4] ) k ≈ ED , where D is the diameter of the patch (for the atom case D = a is the lattice constant) and the effective mass m ≈ D 3 . Substituting this in (3) and using that the sound velocity c ≈ (E∕ ) 1∕2 , we get and Hence, ≈ 0 and the motion of the surface patch (or when D = a the atom) is nearly critical damped, as also found by Hu et al in their detailed lattice dynamics calculations. Note that 1∕ ≈ D∕c is just the time it takes for the elastic wave to propagate the distance D needed to remove the vibrational energy from the volume element D 3 .
In vibrational spectroscopy, the process described above is referred to as vibrational energy relaxation because the energy put initially into the (quasi) localized vibrational mode is transferred to the surrounding. However, Hu et al consider the full system and instead refer to the process as phase relaxation since the initial state can be considered
MultiscaleConsulting, Wolfshovener str 2, 52428 Jülich, Germany as originating from a very special superposition of crystal vibrational eigenmodes with definite phases; with increasing time, the phases changes and the amplitude of the vibrational excitation is no longer localized to its original spatial location. In adsorbate vibrational spectroscopy, phase relaxation instead refers to the influence of the fluctuating (due to the irregular thermal motion) environment on the phase of the (quasi) localized vibrational mode.
The conclusion that the slip motion is nearly critically damped may not hold for real (practical) systems for the following reason: Real solids will almost always have modified surface layers (e.g., oxides on metals) and contamination films. In this case, long-lived (strongly under-damped) vibrational excitations may occur localized to the contamination film or modified surface layer, which could strongly affect the frictional properties of the solid. Long-lived vibrational excitations are very well known from vibrational spectroscopy of adsorbed molecules. Thus, if the vibrational frequency 0 is above the top of the bulk phonon band, the vibrational mode can decay (via phonon excitation) only via multiphonon processes determined by the anharmonic adsorbate-substrate interaction. This can result in extremely long vibrational lifetimes. One extreme (and well studied) case is carbon monoxide adsorbed on a NaCl crystal [5] : The C-O stretch vibration frequency is ≈ 8 times higher than the highest NaCl phonon frequency, so a multiphonon emission process involving at least eight bulk phonons would be necessary for decay by phonon emission. The probability of such a process is extremely small and in fact the exited C-O molecule on NaCl is known to decay mainly by photon emission (infrared fluorescence) resulting in a very long vibrational relaxation time ≈ 4 ms . Another well-studied case involves silicone surfaces passivated by adsorption of hydrogen atoms. The Si-H vibration frequency is well above the top of the bulk phonon band resulting again in a very long-lived vibrational excitation.
Most real surfaces have also layers of weakly adsorbed molecules, e.g., hydrocarbons. In these cases, very low-frequency vibrations may also occur and these too are weakly damped. This follows from (3): weakly bound molecules result in very low-frequency modes (frustrated translations) and since ∼ 4 0 this will result in very long vibrational lifetimes. Thus, for example, for saturated hydrocarbones on metallic surfaces, or on hydrogen terminated diamond, for the perpendicular molecule-substrate vibrations typically [3] ∕ 0 ≈ 0.05 , and for the parallel vibrations (which may be more relevant for friction) ∕ 0 is even much smaller (vibrational lifetimes of order ns); in these cases, the damping may, on metals, be dominated by excitation of electron-hole pairs rather than by phonon emission [3] .
I note that when weakly bound "contamination" molecules are located between two solids, they will adjust to the corrugated potential of both walls and pin the surfaces together. This will result in a non-zero breakloose (or static) friction force. During sliding, instabilities occur where the molecules rapidly slip at velocities unrelated to the (macroscopic) block driving speed. After each slip event, local vibrational motion may occur, which is damped by the processes discussed above. At low temperature, this usually results in a kinetic friction force that is nearly independent of the sliding speed, except at very low sliding speeds where thermal activation becomes important, where the friction force depends logarithmic or linearly on the sliding speed [3, 6, 7] .
However, the kinetic friction force is velocity independent only if the damping of the molecular vibrations is so strong that the vibrational energy resulting from one slip event is dissipated before next rapid slip event occurs. If the vibrational damping is very small (as is possible in some cases; see above), and the (macroscopic) sliding velocity is high enough, this assumption may not be accurate. More quantitatively, if d is the typical distance involved in the rapid molecular slip events, then the molecules stay in local potential wells for a time period of order d/v, where v is the macroscopic sliding speed. If this time is much longer than the adsorbate vibrational lifetime 1∕ , then we expect a velocity-independent friction force. To estimate v c = d assume 1∕ ≈ 1 ns and d ≈ 1 nm ; this gives v c = d ≈ 1 m/s . Hence, if v << v c ≈ 1 m/s , we expect a nearly velocity-independent friction force. In reality, there are complications like frictional heating which may modify this conclusion.
